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The future collider landscape

* Future colliders can mean many things:
FUTURE
+ HL-LHC @F .
 EIC
 LHeC

e Circular ee: LEP3, FCC-ee

* Linear ee (LCF, CLIC, ..))

 FCC-hh

 Muon Collider (125 GeV, 3/10 TeV, ...)
 Wakefield ee

nternational
« Most of these could be considered 'Higgs factories' /COKJON Collider

laboration

Linear Collider Vision
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LHC

. LHC is already a Higgs factory: ©(10°) Higgs by
end of HL-LHC

* [he challenge Is the backgrounds

 Measurements of rare, clean decays

4, yy, Zy, uu, ...) will not improve much until
an eventual FCC-hh

 Other measurements will be largely theory limited
(assumes factor of 2 improvement from today)
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https://cds.cern.ch/record/2928907

6 (BR(H — pp) /BR(H — ppup) ) (%)

FCC-hh

Cross sections ~20x larger at 100 TeV

o With ~20/ab luminosity,

O(10'Y) Higgs

* Biggest qualitative differences from LHC are

boosted topologies

FCC-hh Simulation (Delphes)

FCC-hh Simulation (Delphes)
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Obtain high precision on ratios to
minimize systematics
Enough statistics to select only well
understood phase space regions
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https://cds.cern.ch/record/2642471

—rm
= 10° g | | | | | =
n = Z (88-94 GeV) -
N — ]
= N ® FCCee(4IPs)
5 (4 1Ps)
< - —
| ©
- :. 102 :_ .............................................................................................................................................. _:
> [ -
= — —
e e Ollldel S ) = ZH (240 GeV) _
o B —
=
g 0 110 T TR e VT T R s —
— tt (350 GeV) ]
[ o — —
Future Circular Collider - e*e” (FCC-ee) =t
: T Ty :
o . . . K 4Ffﬁ,_,,,,/~'/‘”/”.‘sl’/—"' (380 GeV)
Timeline and Physics Milestones B o e et
— +@50Gev)y L=
— | | | i) I fm s == | |
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Conceptual design, CDR, Thradiiifasiiiotiing FCC-ee RUN 1 (2) FCC-ee RUN 2 (WW) FCC-ee RUN 3 (ZH) FCC-ee RUN 4 (tt)
R&D, site investigations, iadbmaeen System tests, 7 nok . WW threshold i (7L £ st Future options:
= " : b S o pole operation thresho Iggs (ZH) factory Top-quark pair g
legal/admum.f,tratnve installation ST and scan threshold and scan FCC-hh, ep, eh
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Z POLE PHYSICS WW THRESHOLD : HIGGS FACTORY (ZH) TOP THRESHOLD FUTURE PHYSICS
g} ° 1012_1013 Z bosons AND SCAN ~2-5 ab-1 at \/— ~ 240 GeV AND SCAN POSS'B'LIT'ES ‘
g « Precision electroweak ~10%® WW pairs ~10° Higgs bosons ~108 tf pairs  Higher energies (FCC-hh)
'J', measurements Precision of my, to ~500 keV Model-independent Higgs Precision of my,, to ~10 MeV « ep / eh collisions
;1" q Determinati?nzof: aww (triple gauge coupling) ?:;‘5";‘9 nl'ieasurements Top Yukawa coupling e Precision QCD & EW
s = mz, [z, sin“By (eff) measurements H_ : :Y:t)h noua Top electroweak couplings « BSM searches ‘
o i ' i i -
(8 Nu(mb:r of llght neutrinos Search for anomalous inc?egpendent) Top anomalous coup[ings . Comp[ementafity with
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4 _ Rare Z decays Ottt liod andBosts Invisible/rare Higgs decays New physics in top sector
2 § (Elaybus PSR Higgs self-coupling (indirectly)
unprecedented precision Searches for exotic decays
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ENERGY (Vs) =~ 90-94 GeV ~ 157-163 GeV =~ 240 GeV =~ 340-365 GeV 2 350 GeV
and beyond
INTEGRATED LUMINOSITY ~ 150 ab™’ ~ 10 ab™ =~ 2-5 ab™ ~ 1.5 ab~’ —
Ultimate Z physics my to ~500 keV Precision Higgs physics Miop to ~10 MeV Exploration at higher
MAIN DELIVERABLES Electroweak precision aww and EW studies Couplings at <1% level Top physics programme energies & new frontiers
QCD & flavour
* FCC-ee is a staged programme: each energy run builds on the previous one with a dedicated detector setup (common experiments foreseen). FUTURE
» The integrated luminosities are target values and subject to optimisation during design and operation. < < i > CIRCULAR
» Timelines reflect the current FCC Feasibility Study (2021-2025) assumptions and will be refined in future updates. COLLIDER 4


https://inspirehep.net/literature/2917350

e e~ Colliders for Higgs physics

» Higgs precision overwhelmingly from Higgstrahlung: ete™ — ZH :

. 0(10°) Higgs produced -- most measurements will be statistics limited

* [heory uncertainty requirements much less strict than at Tera-Z. Relevant
wishlist from ESPP:

H— bb width N*LO (m,, # 0); N*LO differential (m, = 0)
H—s gg width N°LO (heavy-top limit), N*LO (m, # 0); N*LO differential, N°LO differential (m, # 0)

Hadronic event shapes (Z, W, H decays) N ’LO differential, N SALL resummation, power corrections
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https://inspirehep.net/literature/1709232
https://arxiv.org/pdf/2511.03883

e e~ Colliders for Higgs physics

» Higgs precision overwhelmingly from Higgstrahlung: ete™ — ZH :

. 0(10°) Higgs produced -- most measurements will be statistics limited

* [heory uncertainty requirements much less strict than at Tera-Z. Relevant
wishlist from ESPP:

H— bb width N*LO (m,, # 0); N"LO differential (m; = 0)
H—s gg width N°LO (heavy-top limit), N*LO (m, # 0); N*LO differential, N°LO differential (m, # 0)

Hadronic event shapes (Z, W, H decays) N ’LO differential, N SLL resummation, power corrections
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https://inspirehep.net/literature/1709232
https://inspirehep.net/literature/2936712
https://arxiv.org/pdf/2511.03883

e e~ Colliders: Unique Precision Opportunities

 Strange tagging: measure H — s§to O(1) level

FCC Feasibility Study

Precision of H — ss vs. Particle ID assumptions
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https://inspirehep.net/literature/2917350

e e~ Colliders: Unique Precision Opportunities

FCC Feasibility Study

o Strange tagging: measu re H —_— SE 'tO @( 1) Ievel 500 Precision of H — s5 vs. Particle ID assumptions
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https://inspirehep.net/literature/2917350
https://inspirehep.net/literature/2048981
https://inspirehep.net/literature/2917350
https://inspirehep.net/literature/1877457
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The Muon Collider

Muon Colliders

 Energy and precision in one machine

10 -

(Epyl2

M2 o [T€V]

» Constrain or discover nearly any BSM
coupled to EWupto M = E,/2



https://inspirehep.net/literature/2917073

®m HL-LHC m FCC-hh m MuC-10

The Muon Collider
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https://inspirehep.net/literature/1809057
https://inspirehep.net/literature/2917073
https://inspirehep.net/literature/2647257
https://inspirehep.net/literature/1960240

Muon Colliders

. 10/ab — O(10") Higgses - How good is its Higgs physics program?
» For Higgs physics: 90% W™W™-fusion, 10% ZZ-fusion
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* Nearly all important SM processes are
VBF - even 1tH
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https://inspirehep.net/literature/2686021
https://inspirehep.net/literature/2054278

Muon Colliders

» Physics outputs depend on forward muon tagging to distinguish ZZ/W W fusion
* Width extraction requires some thought, but can be done robustly

» End conclusion: Higgs sensitivity similar to 250 GeV ee -
Being verified channel-by-

« Complementarity -- different production modes than at ee channel in full simulation

Muon Collider ESPP Report
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The big picture in one slide
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https://inspirehep.net/literature/3070637

The big picture in one slide
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https://inspirehep.net/literature/3070637

The big picture in one slide
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https://inspirehep.net/literature/3070637

The big picture in one slide
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The big picture in one slide

LCF /250 CLIC ;g

. LCF z/2501550 . CLIC330/1500
H +MuC1g T +FCC-hh |
5 . LCF z/250/550/1000 . CLIC330/1500/3000

FCC-eezwwi240 . MuC g tev

- FCC-eezwwi240/365

- FCC-ee + FCC-hh 7\
)

~ 0.1 % on Kv, Kb

European Strate
for Particle Physics

68% probability sensitivity - All scenarios combined with HL-LHC

~ 1 %onk,

12 1.5 | 200 — 1.5/
L Clean rare decays
°\'?0_8 §|1.0' °\l? ] §-1.0: . .
Sos 5 10 - f and K,: pp wins
0.4} 0.5/ ; Ei | 0.5¢
0.5} y |
" m .
0.0 0.0 0.0 . 0.0 F A~V 1 % (fewer
g :
d ‘ -: assumptlons)
i 3 :z 2.0} 5
x4 2, K20 <15
lg 3r ‘g Q‘, 1.5} 'g 1.0
2 1k 1.0{ '
1 0.5 0.5
0 0 0.0 - 0.0
t
3.0 2.0 4
25 1.5} .ﬂ
’o _15 3
§1'5 1.0/ \5':-10 1 °\T2
' 1.97 — o > 4 iy |
|§ |§ 0&5 | g
1.0} 0.5/ D o5l 3 L
0.5 : |
0.0 0.0 0.0 —l1 0 From 2026 European Strategy 10



https://inspirehep.net/literature/3070637

Higgs Self Coupling

* Biggest takeaway: HL-LHC is hard to beat!

e Direct measurement at e e~ collider requires
E-y 2 500 GeV (eTe™ — Zhh)

 FCC-ee constraint from loop-induced effects
e MuC measurement uses VBF VV — hh

e FCC-hh or MuC necessary to get O(5%)

68% probability sensitivity - All scenarios combined with HL-LHC
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https://inspirehep.net/literature/3070637

Beyond Kappas

o K-framework doesn't tell the whole story even for couplings

 Example: Higgs self-coupling at FCC-ee:

12



Beyond Kappas

o K-framework doesn't tell the whole story even for couplings

 Example: Higgs self-coupling at FCC-ee:

» In general, can't turn on only x; at one-loop. Need to consider other loop-
iInduced processes!

« SMEFT is the natural framework to do this consistently

12



SMEFT

 Assuming new physics is heavy, can integrate it out and use EFT:

« 2500 operators in general, but diagonal CKM reduces to ©O(200)
In practice

* Provides a powercounting based bottom-up approach for NP

« Systematically improvable in loops and A

« At eTe™ colliders, no worries about EFT validity, unitarization, etc

SM - - SM — SM - @ - SM

13



Going to 1-loop in the SMEFT

» At a given order in A, can compute arbitrary SM loops

1 1
0) (1)

¢ QCD CorreCthnS fUIIy aUtOmated In MadGraph Degrande, Durieux, Maltoni, Mimasu, Vryonidou, Zhang 2021

%:%SMI

* Electroweak corrections still must be done process-by-process

o State of the art for EWPO already include these

« For Higgs: many interesting operators enter first in EW corrections — I.e. C(ﬁ

14


https://inspirehep.net/literature/1813609

Going to 1-loop in the SMEFT

+ Inputs: G, my,, my, ag, my,, m,, and additional m,for H — ff

» On-shell renormalization for SM params, MS for SMEFT coefficients

con=c— L1z L e dG(w) _ 1
M= R0 =S 1 | Te2 i ding _ l6n2

C.
- 7;iCi)

» For bottom up constraints on C(u), this is everything.

 For top-down constraints on explicit models, need to match at 4 = A and run

* Fully NLO accurate constrains require 2-loop RGE's: recently available!

Born, Fuentes-Martin, Thomsen



https://inspirehep.net/literature/3112547

e"e” — ZH in the SMEFT

e NLO SMEFT corrections to €+€_ — Zh known Asteriadis, Dawson, Giardino. Szafron PRL 133 (2024) 23, 231801

Asteriadis, Dawson, Giardino, Szafron JHEP 02 (2025) 162
Numerical results on GitLab

 Depends on 10 coeffs at LO, ~70 at NLO

0 unpolarized 0 ef /e O eg/ef

Allowed Region with 0.5% Measurement, A =1 TeV, /s = 240 GeV

15—‘ T l T T T T F T T I T ¥ T T T T .
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1Oh .......

b o = o o o o = = = 4 = s » offec o« o o o 4 = 2 = = = = =

Cus|3, 3]
-

Needs to be combined with Z and H decays forthe . / |
full fit BV

_10— ........ !
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https://gitlab.com/mforslund/smeft-nlo-popxf
https://inspirehep.net/literature/2856519
https://inspirehep.net/literature/2829748

Higgs decays in the SMEFT

¢ H —> bb Gauld, Pecjak, Scott, PRD 94 (2016) 7, 074045 Cullen, Pecjak, Scott, JHEP 08 (2019) 173  Cullen, Pecjak, JHEP 11 (2020) 079
« Ho 1t , u"u~, cc - -

s U U , CC Gauld, Pecjak, Scott, JHEP 05 (2016) 080  Cullen, Pecjak, JHEP 11 (2020) 079
¢ H — gg Deutschmann, Duhr, Maltoni, Vryonidou, JHEP 12 (2017) 063 Corbett, Martin, Trott JHEP 12 (2021) 147 Martin, Trott JHEP 01 (2024) 170
. H — y}/ Hartmann, Trott, PRL 115 (2015) 19, 191801 Dawson, Giardino, PRD 98 (2018) 9, 095005

Hartmann, Trott, JHEP 07 (2015) 151 Dedes, Paraskevas, Rosiek, Suxho, Trifyllis JHEP 08 (2018) 103

° H — Z}/ Dawson, Giardino, PRD 97 (2018) 9, 093003 Dedes, Suxho, Trifyllis JHEP 06 (2019) 115
e H — g gZ Rossia, Thomas, Vryonidou JHEP 11 (2023) 132

Dawson, Forslund, Giardino, PRD 111 (2025) 1, 015016

Bellafronte, Dawson, Del Pio, Forslund, Giardino, PRL 136 (2026) 5, 051801

Bellafronte, Dawson, Del Pio, Forslund, Giardino, [2601.09599]

17


https://inspirehep.net/literature/1477424
https://inspirehep.net/literature/1729733
https://inspirehep.net/literature/1809484
https://inspirehep.net/literature/1408760
https://inspirehep.net/literature/1809484
https://inspirehep.net/literature/1614159
https://inspirehep.net/literature/1885488
https://inspirehep.net/literature/2658419
https://inspirehep.net/literature/1382628
https://inspirehep.net/literature/1684504
https://inspirehep.net/literature/1369122
https://inspirehep.net/literature/1670949
https://inspirehep.net/literature/1646265
https://inspirehep.net/literature/1727269
https://inspirehep.net/literature/2848286
https://inspirehep.net/literature/2669407
https://inspirehep.net/literature/2963039
https://inspirehep.net/literature/3105062

» Consistent implementation of all major H partial widths at

» Exact H — 4f at LO, NWA at NLO

* All Higgs decays also now known at NLO™: can combine with

Clug|33)

NEWISH

 Fixed-order Monte Carlo code

NLO QCD and EW in the SMEFT

ete”™ — ZH and do fully NLO accurate constraints!

Cly[1133]

NLO
Electro-
Weak

N the
SMEFT for |
Higgs widths

= _— = ==——-= e —

https://gitlab.com/forld/eish

Numerical results also on GitLab
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https://inspirehep.net/literature/3105062
https://gitlab.com/mforslund/newish
https://gitlab.com/mforslund/smeft-nlo-popxf

Corrections can be large

Cywp, 1/A°, A =1 TeV

e A » Up to 40% corrections to some LO
0025 — NEO €' operators at NLO
NLO, u*u
0.000[ . . . . .
S LO o \With realistic experimental cuts,
d ~0.0% S corrections become even larger
~0.050 e R ] *
i ] 1.0~
~0.075 |
: 0.5
-0.10
0T : S 007
S 05 By St b | S
R “ o5
:(1)(5) S O S H P S R B : W /"{, no cut
10 15 20 2 5 - 1.0 W ce, me > 12 GeV :
my [GeV] W oty my, > 12 GeV -
R. = EFT/SM S L. S :




Higgs self-coupling at FCC-ee

lllllllllllllllllllll

)h/\
o
&

- B h 5 all 240 GeV, 68% C.L.
h — all 240 GeV, 95% C.L.

IIIIIIIIIIIIIIIIIIIII

prod. only 240 + 365 GeV, 68% C.L.
prod. only 240 + 365 GeV, 95% C.L.

o Equivalently, in terms of k’s”

* Only linear pieces, consistent with

O(1/A?) truncation

1 2
=7 <C¢D+4C¢ )

| v [ 3 P2
=1+ = |Cm—4C, ]—2m—%}c¢

)

= () here

*Depends on 3 coeffs — we took C¢
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https://inspirehep.net/literature/2963039

At 1-loop, operators contribute to many observables

At FCC-ee, most stages will be precise enough that SMEFT loops matter

 Each process should be computed at NLO accurate for the general fit

e Done:

e ¢te™ — ZH and decays

* EWPO » At one-loop, operators contribute to
e Wishlist: all the FCC-ee stages, not just Higgs
. H — 4fbeyond the NWA » Higgs physicsisnotjuste™e™ — ZH

e eTe” — (f (in progress)
e eTe” > WTW™
e eTe” = (v, )H
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At 1-loop, operators contribute to many observables

* Global fits including NLO Higgs eventually
for better picture
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At 1-loop, operators contribute to many observables

Ratio of Uncertainties to HL-LHC Baseline O (A™*) , Individual

* Global fits including NLO Higgs eventually o, b b e e o
for better picture L

CWWW

» | east conservative: one operator at a time

—de— LEP3 FCC-ee == LCF550 == LCF1000

22


https://inspirehep.net/literature/3147037

At 1-loop, operators contribute to many observables

Ratio of Uncertainties to HL-LHC Baseline O (1‘\_2) , Marginalised

* Global fits including NLO Higgs eventually
for better picture

* | east conservative: one operator at a time

 Most conservative: fully marginalized

 Many approximate flat directions

== LEP3 FCC-ee == LCF550 == LCF1000
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https://inspirehep.net/literature/3147037

At 1-loop, operators contribute to many observables

Ratio of Uncertainties to HL-LHC Baseline O (1‘\_2) , Marginalised

* Global fits including NLO Higgs eventually
for better picture

* | east conservative: one operator at a time

 Most conservative: fully marginalized

 Many approximate flat directions

* Any actual UV model will have patterns
and lie somewhere between these two fits

MEFIT

== LEP3 FCC-ee == LCF550 == LCF1000
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https://inspirehep.net/literature/3147037

Electroweak Precision Is also Higgs Physics

° FOr aCtual mOdeIS |OOpS + RG Mass 95% C.L. sensitivity for the scalar S model
" Tera-Z cons. with Zh, h decays
can make EWPO as important | e y

 Even a scalar singlet can be 000 -
probed at Tera-Z as well as with

4000 -

Higgstrahlung

(GeV)

= 3000 -

* Depends crucially on theory

2000 -

uncertainties at Tera-Z

1000 -

V(®,8) = — u2,®'® + Ay (®1d)? - ";f 5105+ oles?
+tsS+ —5°+ 8%+ -25%.

2 3 4 Bellafronte, Dawson, Del Pio, MF, Giardino

*Used 1-loop RGEs, 2-loop available now
Born, Fuentes-Martin, Thomsen

0
no Zsy - 2 TeV no Zg - M/2 unbroken Z- spont. broken Zs - M /2
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https://inspirehep.net/literature/3105062
https://inspirehep.net/literature/3112547

sin“d

What is the goal?

 Measuring couplings is a good first step, but we want to find new states!
 Many Higgs branching ratios hopelessly out of reach at factories

 Even if we find a deviation, will be extremely difficult to unambiguously
connect to the UV

* We need to produce the BSM particle directly!

AS = )LHQSZ = O

1071

Higgs boson Branching Fractions

1072¢
S |
™~ oL O
5’| B
i3
10-3F m HL-LHC qu =
X m 27 TeV pp, 15 ab™!
m FCCee Lr
m 100 TeV pp, 30 ab~! i
m 10 TeV u*u, 10 ab™! i
B FCCee/eh/hh or 10 TeV u*u~ 0
! P 0
2000 4000 6000 8000 10000 12000 14000

mg (GeV)


https://inspirehep.net/literature/2686021

Size of Higgs
Coupling deviations?

5 = 15
nNsm < 1%

Loop level
1 2?2

(47)2 M?

SM Neutral SM Charged

SM Neutral SM Charged lar sinalet w/ SM loo
e.g. scalar singlet e.g. 2HDM SRl S e.g. stops in SpUSY

Agv?\ v? L imi

T\ M2 ) M2 4m?
M < 1.7TeV M < 0.8TeV M < 0.1TeV M < 0.9TeV
M < 5.5TeV M < 1.4TeV M < 0.4TeV M < 2.8TeV

» Higgs precision reach for UV complete models gets you to O(10 TeV)

« High energy pp or £7¢~ must remain the eventual goal. Precision is just the first step to
get there!


https://inspirehep.net/literature/2152236

Size of Higgs
Coupling deviations?

5 = 15
nNsm ~ 1%

SM Neutral SM Charged SM Neutral SM Charged
e.g. scalar singlet e.g. 2HDM e.g. scalar singlet w/ SM loop
e e e.g. stops in SUSY
(A%«ﬂ) v’ L 1mi
- A2 2
M? ] M? 4ms

M < 1.7TeV M < 0.8TeV M < 0.1TeV M < 0.9TeV
M < 5.5TeV M < 1.4TeV M < 0.4TeV M < 2.8TeV

» Higgs precision reach for UV complete models gets you to O(10 TeV)

« High energy pp or £7¢~ must remain the eventual goal. Precision is just the first step to
get there!


https://inspirehep.net/literature/2152236

Backups




Higgs width at muon colliders v cow v

T T T T L
SM

* Can constrain the width by taking ratio of on- h: R
shell / off-shell V'V production X Cully' =15
» Model-dependent, not comparable to Zff at £ |
FCC-ee |
* For any weakly coupled UV completion: direct " M —
searches save the day and restore 0(0.1%) N
precision o &
» Alternatively, can constrain width with inclusive & s
ZZ-fusion measurement »
: u+”—_9(vv,vu,uu 5

ms (GeV)


https://inspirehep.net/literature/2686021
https://inspirehep.net/literature/2747781

Scheme dependence

Cup Crws Cle Cry Ciy)
33
- LO [—0.50070933 0.00010000 —1.84310:02% 0.00070:922  0.00010-000
7
NLO|—0.52719-055  0.00410-000 —1.90570-05¢  0.04870-0%0  0.0221000%
et LO 0.000% 5000 237010081 —1.84370 020 0.000F 5503  0.00077 002 SM  Cpo  Cup  Can Cuws C%  C 4
0" 33 4 1221
NLO|—0.00179-000 9 439+0-000 _7 903+0:004 () 005+0-9900 (9, 0p2:+9-000 =
3% 20.3% 20.3% 20.3% 20.3% - -
i} LO |—0.16970011 0.35570012 _1 76410046 (0 000+0-018  0.000+0:901 2 ? 2-1? -11-03 42? -6-73 - -
p 1% 224 9.3% 24.5% 13.6 - ;
NLO|—0.28910:99%  (.258+0-003 _1 897+0-006 (018001 0.0060-999 3(; — 3(; — 3(; — 3(; i TR
. 0 . 0 o 0 5 0 = . 0 . 0
0.108 0.143 : : :
. LO | 1.5737019%  4.08810143 —1.76410-9%0 0.00010-182  0.00010-9% 3% 21%  2.0%  1.9% 09%  -0.8%
NLO| 1.4087007%5 3.86910015 —1.89810:005 —0.14270:050 —0.073%5:00 5% 224% 22.3% 22.2% - 21.2% 19.5%
LEP +0.005 +0.001 +0.004 +0.000 +0.000 T 21% L6% 1.9% - 0.7 -0.9%
NLO|=0.631%y 09 —0.475"y 500 —1.8995 599 0.057Z5015  0.025% g5 5% 22.3%  21.9% 22.2% - 21.0% 19.3%

Table 6: Selected SMEFT contributions to the Z — 77 decay rate including scale varia- Biekdtter, Pecjak, Scott, Smith

tion in the five schemes.

Biekotter, Pecjak, Smith



https://inspirehep.net/literature/2657687
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